Heat-induced formation of 8-oxoguanine was demonstrated in DNA solutions in 10 -3 M phosphate buffer, pH 6.8, by enzyme-linked immunosorbent assays using monoclonal antibodies against 8-oxoguanine. A radiation-chemical yield of 3.7 × 10 -2 µmol J -1 for 8-oxoguanine production in DNA upon γ-irradiation was used as an adequate standard for quantitation of 8-oxoguanine in whole DNA. The initial yield of heatinduced 8-oxoguanine exhibits first order kinetics. The rate constants for 8-oxoguanine formation were determined at elevated temperatures; the activation energy was found to be 27 ± 2 kcal/mol. Extrapolation to 37°C gave a value of k 37 = 4.7 × 10 -10 s -1 . Heat- 
INTRODUCTION
Reactive oxygen species (ROS) generated by the action of ionizing radiation, chemical mutagens and carcinogens, as well as during normal cellular aerobic metabolism and during inflammation, are among the most important environmental genotoxic factors (1) . ROS cause predominantly base damage in DNA, forming thymine glycols, 5-hydroxycytosine, 7,8-dihydro-8-oxoguanine (8-oxoguanine), 8-oxoadenine (8-hydroxyadenine) , the formamidopyrimidine derivatives of purines, etc. Recent investigations have established that guanine is the main target for ROS in DNA, with 8-oxoguanine being the most frequent base lesion. Therefore, formation of 8-oxoguanine is an important biomarker of oxidative damage to DNA. 8-Oxoguanine exhibits ambiguous encoding properties in the biosynthesis of nucleic acids, behaving as guanine and thymine during replication (2) (3) (4) and as guanine and uracil during transcription (5, 6) , because it can pair with cytosine and mispair with adenine in the syn conformation. The miscoding properties of 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) have been implicated in such biological processes as mutagenesis (1, (7) (8) (9) (10) , producing predominantly G→T transversions (2, 3, 7, (9) (10) (11) , carcinogenesis (12) (13) (14) (15) (16) , aging (17, 18) and some agedependent diseases (11, 16, 19) . This type of DNA damage is repaired by specific enzymes which excise 8-oxodG from DNA (20, 21) .
Damage to the primary structure of DNA by ROS is likely to be a major factor involved in mutagenesis, carcinogenesis and aging (22) . To date, several heat-induced DNA lesions have been described: DNA strand breaks (23) , hydrolysis of glycosyl bonds, predominantly with the release of purine bases (22, 24, 25) , and deamination of cytosine (26, 27) . The disruption of glycosyl bonds leading to base release from the DNA and formation of apurinic and apyrimidinic sites is one of the best studied types of heat-induced genetic instability at the molecular level. In this work we demonstrate that heat causes formation of 8-oxoguanine in DNA and we compare this process with those of guanine and adenine depurination. Gas saturation (O 2 , N 2 and Ar), D 2 O, scavengers of 1 O 2 , O 2 -• and OH • radicals and metal chelators influence heat-induced 8-oxoguanine formation as they affect thermal ROS generation. These findings imply that heat acts via ROS attack leading to oxidative damage to DNA.
MATERIALS AND METHODS

Chemicals
8-OxodG was synthesized by Dr B. K. Chernov (Institute of Molecular Biology, Russian Academy of Sciences, Moscow) by his own technique and kindly provided for our study. The identity of 8-oxodG was proved by NMR and UV spectroscopy. The concentration of 8-oxodG was determined from the UV spectra using molar absorption coefficients of 12 300 M -1 cm -1 at 245 nm and 10 300 M -1 cm -1 at 293 nm (28) . High molecular weight DNA from chicken erythrocytes (Reanal, *To whom correspondence should be addressed. Tel: +7 095 923 7467; Fax: +7 0967 790553; Email: bruskov_v2000@mail.ru Hungary) and salmon sperm (ICN, USA) was used. Solutions were prepared using Na 2 HPO 4 ·12H 2 O, NaH 2 PO 4 ·2H 2 O (analytical grade; Reakhim, Russia), and NaCl (extra purity grade; Soyuzkhlor, Russia). Bovine serum albumin (BSA), horseradish peroxidase, superoxide dismutase (SOD), catalase, DNase I, alkaline phosphatase, Tris-HCl, Tween-20, o-phenylenediamine hydrochloride and anti-mouse IgG-horseradish peroxidase conjugates were purchased from Sigma (USA), 4-iodophenol from Aldrich (USA) and 1,10-phenanthroline, Tiron (4,5-dihydroxy-1,3-benzene-disulfonic acid) and neocuproine (2,9-dimethyl-1,10-phenanthroline) from ICN (USA). We also used guanosine (Reanal, Hungary) and deuterium oxide (99.9%) (Izotop, Russia). Luminol (Chemical Reagent plant, Yerevan, Armenia) was additionally purified according to Hengen (29) . The initial concentration of hydrogen peroxide was determined spectrophotometrically using a molar absorption coefficient of 43.6 M -1 cm -1 at 240 nm. Monoclonal antibodies specific for 8-oxoguanine were obtained using methods previously described in detail (30) . The affinity constant determined by enzyme-linked immunosorbent assay (ELISA) was 1.3 × 10 6 M -1 and exceeded the binding constants of possible cross-structural analogs by more than three orders of magnitude. The initial concentration of monoclonal antibodies determined by the Lowry method was 2.85 × 10 -4 M. Monoclonal antibodies in 0.05 M phosphate buffer, pH 7.4, were mixed with an equal volume of glycerol and stored at -20°C until used. With this mode of storage, the monoclonal antibodies were stable for at least 2 years. N 2 and Ar (99%) were used without further purification. O 2 was obtained by thermal decomposition of KMnO 4 and was purified with a purging water trap. Employment of medical oxygen (99.5%) in the following experiments produced identical effects.
Determination of DNA concentration
The concentration of DNA solutions was determined with a Specord UV-VIS spectrophotometer (Carl Zeiss Jena, Germany). A concentration of 50 µg/ml was taken as one unit of optical absorption of double-helical DNA at 260 nm with an optical path of 1 cm.
Determination of guanine depurination
High molecular weight DNA from chicken erythrocytes and salmon sperm in 10 -3 M phosphate buffer, pH 6.8, with or without 0.14 M NaCl, at a concentration of 400 µg/ml (20 ml samples) was heated for various time periods ranging up to several days at temperatures from 60 to 90°C in a U10 ultrathermostat (Prufgerate-Werk Medingen, Germany). The heattreated DNA was concentrated to 1.5 ml in a vacuum rotary evaporator and the products of glycosyl bond breakage were separated on a Toyopearl HW-40 (Toyosoda, Japan) column 90 cm in length and 1.2 cm in diameter. Elution was performed with bi-distilled water at a flow rate of 1 ml/min; the optical density was recorded at 254 nm on a UV-cord device. The eluents corresponding to the guanine and adenine peaks were concentrated in a vacuum rotary evaporator and the base concentration was measured spectrophotometrically using the available molar extinction values (31) . Guanine was taken to be 20.5% and adenine 28.8% in chicken erythrocyte DNA and, on average, guanine was 21.4% and adenine 28.7% in salmon sperm DNA (32) .
Determination of 8-oxoguanine in DNA
Competitive ELISA. DNA solutions (200 µg/ml in 10 -3 M sodium phosphate buffer, pH 6.8) were heated in 0.5 ml plastic tubes with screw caps (QSP, USA) at various temperatures, denatured for 5 min in a boiling water bath and rapidly cooled to 0°C on ice. Denatured DNA samples (350 µl) were mixed with 36 µl of a solution containing 1 M Tris-HCl, pH 7.4, and 1 M phosphate-buffered saline (PBS). Then 68 µl of monoclonal antibodies in a BSA solution (20 Non-competitive ELISA. The DNA samples were denatured in a water bath for 5 min and cooled on ice for 3-4 min. Aliquots of 40 µl (350 µg/ml) were transferred to the wells of immunoassay plates (Costar, USA). DNA was immobilized by a simple dry adsorption procedure (33) with incubation for 3 h at 80°C until the solution had evaporated.
The blocking of non-specific sites was performed using 300 µl of solution containing 1% skimmed milk powder in 0.15 M Tris-HCl buffer, pH 8.7, and 0.15 M NaCl. Then the plates were incubated for 3 h at 37°C. Antigen-antibody complexes (100 µl/well) of monoclonal antibodies against 8-oxoguanine (1:2000) were formed in the blocking solution at ambient temperature by incubation overnight (14-18 h). Two washes (300 µl/well) with solutions of 50 mM Tris-HCl buffer, pH 8.7, and 0.15 M NaCl with 0.1% Triton X-100 (v/v) (Koch-Light, UK) were performed after 20 min incubation. Next, a complex was formed with anti-mouse IgG-peroxidase conjugate (Sigma, USA) diluted 1:1000 in blocking solution (80 µl/well) by incubation for 1.5 h at 37°C. Then three washes were carried out as described above. The substrate [18.2 mM 2,2′-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid); Sigma, USA] and hydrogen peroxide (2.6 mM) in 75 mM sodium citrate buffer, pH 4.2, were added (100 µl/well). After green color development the reaction was stopped by addition of an equal volume of 1.5 mM NaN 3 in 0.1 M sodium citrate buffer, pH 4.3. The optical density of the samples was measured with a microwell plate reader at 405 nm (Titertek Multiscan, Finland).
To avoid the influence of non-specific binding of monoclonal antibodies to DNA, 8-oxoguanine detection was performed at a constant DNA concentration.
Calibration procedures
The samples of DNA before irradiation were cooled in a refrigerator at 4°C to produce a standard set of conditions. DNA solutions were γ-irradiated at room temperature in a 137 Cs source (27 TBq) with doses of 1, 2, 5, 10, 20 and 30 Gy, at a dose rate of 2.05 Gy/min, and used to derive a standard doseresponse curve for determination of 8-oxoguanine in the heattreated samples. Immediately after irradiation the DNA was heat denatured. Competitive or direct ELISA was used for determination of 8-oxoguanine. The heat-treated DNA was usually used without hydrolyzation but in some experiments with competitive ELISA it was hydrolyzed to nucleosides prior to determination of 8-oxoguanine. The irradiated and control DNA samples were hydrolyzed according to Dizdaroglu (34) . The radiation-chemical yield value obtained from a standard curve was used to determine 8-oxodG. Initial calibration of the standard curve was derived by addition of definite quantities of authentic 8-oxodG to the hydrolyzate of non-irradiated DNA.
The concentrations of iron and copper ions in the sodium phosphate buffer were quantitated by atomic absorption spectroscopy in a M-303 spectrophotometer (Perkin-Elmer, USA).
Measurement of enhanced chemiluminescence
We used a sensitive method for quantitative measurement of hydrogen peroxide employing enhanced chemiluminescence in a peroxidase-luminol-p-iodophenol system. The reaction was quantified with a Beta-1 liquid scintillation counter (Manufacturing Association Medapparatura, Ukraine). The counter was used in single photon counting mode with one photomultiplier and the coincidence scheme disengaged. The efficiency of counting of the tritium standard in this regime was 34% at a background of 5000 c.p.m. Samples (10 ml) of 10 -3 M phosphate buffer, pH 6.8, were heated for varying time intervals (up to 1 h) at temperatures ranging from 40 to 90°C in 20 ml glass liquid scintillation counter vials. The vials were screw capped and hermetically sealed with additional teflon gaskets. After heating, the vials were rapidly cooled to ambient temperature in an ice bath. To study the influence of SOD and catalase on heat-induced ROS formation, 4 × 10 -5 U SOD (∼10 -12 M) and 4 × 10 -3 U catalase were added to each sample. For elucidation of the 'oxygen effect', phosphate buffer was bubbled with O 2 , N 2 and Ar for 30 min prior to heating. Determination of hydrogen peroxide in buffer solutions with additional substances used standard curves with correction for quenching or enhancement of chemiluminescence by the substances.
Samples were placed in polyethylene vials (Beckman, USA) and 10 ml of 'count solution' containing 10 -2 M Tris-HCl buffer, pH 8.5, 5 × 10 -5 M 4-iodophenol, 5 × 10 -5 M luminol and horseradish peroxidase (10 -9 M for nanomolar hydrogen peroxide measurement) was added. The 'count solution' was prepared immediately prior to measurement. Usually, three independent samples were measured and the mean and standard deviation were determined. Figure 1 shows separation of the products of heat-induced DNA base release on a Toyopearl HW-40 column. The bases T, C, G and A were eluted following DNA elution. Depurination follows first order reaction kinetics. For short-term heating, the initial rate was linearly dependent on time t: B = B 0 × kt, where B is the concentration of a base released due to breakage of glycosyl bonds, B 0 is the concentration of this base in the DNA and k is the rate constant. The rate constants for guanine depurination at different temperatures determined at low ionic strength and in 0.14 M NaCl are presented in Table 1 . The activation energy was calculated from Arrhenius plots as the slope of the linear dependence of -logk versus the inverse of the temperature: -logk = -logk 0 + E a /2.3RT, where E a is the activation energy, R is the gas constant and T is the temperature in kelvins (Fig. 2) . Heating induces mainly depurination of bases with an activation energy of 28 ± 2 kcal/mol. Guanine is released from DNA approximately 1.4 times faster than adenine, which agrees well with previously published data (24, 25) . This process depends strongly on the ionic strength of the solution. The rate constants decreased about 3.5 times in the presence of 0.14 M NaCl (Table 1 and Fig. 2 ).
RESULTS
Guanine depurination
Formation of 8-oxoguanine
A dose-response curve for the formation of 8-oxodG in γ-irradiated DNA is shown in Figure 3 . The amount of 8-oxoguanine formed in DNA upon γ-irradiation is linearly dependent on the dose. This allows the dose dependence of 8-oxodG formation in γ-irradiated DNA to be used as a convenient reference standard for determination of 8-oxoguanine. The radiationchemical yield (G value) for 8-oxodG formation in DNA was 3.7 × 10 -2 µmol J -1 (G = 0.37 molecules/100 eV absorbed radiation energy) (Fig. 3) .
ELISA revealed that 8-oxoguanine is formed in DNA on heating. Its accumulation in DNA depends on temperature and duration of heating in a manner similar to that of depurination and the reaction obeys first order kinetics (Fig. 4) . Table 1 and Figure 2 show the rate constants for 8-oxoguanine formation in 10 -3 M phosphate buffer, pH 6.8, determined at different temperatures with or without 0.14 M NaCl. The activation energy for this process was 27 ± 2 kcal/mol. Extrapolation of the rate constants for 8-oxoguanine formation to 37°C gives a value for k 37 of 4.7 × 10 -10 s -1 . Phosphate buffer with 0.14 M NaCl decreased the rate constants by about 3.5 times (k 37 = 1.3 × 10 -10 s -1 ). Raising the temperature by only 1°C increases the rate constants of 8-oxoguanine formation by ∼35%. The rate constants for guanine depurination are about 3 and 3.5 times higher than those for 8-oxoguanine formation in phosphate buffer with and without 0.14 M NaCl, respectively.
The quantitative assessment of 8-oxodG by direct immunoblot assay of unhydrolyzed DNA has been reported earlier (35) . In the present work we also used unhydrolyzed DNA to study heat-induced formation of 8-oxoguanine, having calibrated its content with γ-irradiated DNA (36) . Heat-induced DNA depurination had an insignificant effect on the quantity of Table 1 . Rate constants for 8-oxoguanine formation and guanine depurination determined at different temperatures in DNA solutions in 10 -3 M phosphate buffer, pH 6.8, with or without 0.14 M NaCl, and activation energies for these processes Rate constants for 8-oxoguanine formation obtained by competitive ELISA. a Rate constants at 37°C were derived from Arrhenius plots (Fig. 2) 8-oxoguanine determined by ELISA analysis. The same amounts of 8-oxodG were determined in the DNA both before and after enzymatic hydrolysis to nucleosides when the influence of DNA depurination was negated. Formation of 8-oxoguanine, a biomarker of oxidative damage to DNA, upon heating of DNA samples implies that heat-induced generation of ROS takes place.
Heat-induced formation of hydrogen peroxide
To detect the heat-induced ROS, a sensitive method of quantitative measurement of hydrogen peroxide has been developed employing enhanced chemiluminescence in a peroxidaseluminol-p-iodophenol system. A liquid scintillation counter for β-radiation measurement was used for the quantitative estimation of chemiluminescence. The sensitivity of the method permits the detection of <1 nM hydrogen peroxide (<10 pmol H 2 O 2 in a sample). Figure 5 shows a typical standard curve for determination of hydrogen peroxide at nanomolar concentrations. Within this range, a linear relationship between chemiluminescence intensity and hydrogen peroxide concentration was observed. The linear dependence of chemiluminescence on hydrogen peroxide concentration can be achieved in the millimolar to nanomolar concentration range by changing the horseradish peroxidase concentration. Using this method, we observed heat-induced formation of hydrogen peroxide in phosphate buffer. Our results confirm the presence of an 'oxygen effect': an influence of dissolved oxygen concentration on H 2 O 2 production upon heating. The level of H 2 O 2 rises in oxygen-saturated phosphate buffer solution by a factor of 1.8 and decreases 2-fold in nitrogen-purged solution and more than 2-fold after argon bubbling ( Table 2) . Addition of 0.14 M NaCl decreases heat-induced H 2 O 2 formation in phosphate buffer by about 3-fold ( Table 2 ). The pronounced enhancing effect of deuterated phosphate buffer as well as inhibition of the process by the singlet oxygen traps sodium azide and guanosine point to 1 O 2 as the precursor species that is responsible for H 2 O 2 production ( Table 2) .
Generation of hydrogen peroxide is probably preceded by conversion of singlet oxygen to the superoxide anion radical, yielding hydrogen peroxide as a result of superoxide dismutation. Figure 6 shows the time course for H 2 O 2 formation on heating of phosphate buffer and the effects of SOD and catalase on the process. The effect of SOD on thermal H 2 O 2 production testifies to the fact that formation of H 2 O 2 results from the superoxide radical dismutation. In the presence of SOD one can observe a 3-fold increase in chemiluminescence intensity due to dismutation of superoxide, while the presence of catalase reduces chemiluminescence to the background level (Fig. 6 ). In the presence of 0.1 mM Tiron, a selective scavenger of the superoxide radical (37), the level of heat-induced hydrogen peroxide was decreased 8-fold (Table 2, 
row 10).
A powerful chelator of iron, 1,10-phenanthroline, does not affect the level of H 2 O 2 production, while ethylendiaminetetraacetic acid (EDTA) and a selective chelator of copper ions, neocuproine, suppressed thermally induced H 2 O 2 production, especially neocuproine (Table 2, row 13). We failed to estimate the influence of another iron chelator, deferoxamine, because of high quenching of the chemiluminescence. Decomposition of hydrogen peroxide in the time course is known to result from the Fenton reaction. Addition of hydrogen peroxide to an unheated blank sample allowed us to observe the process of H 2 O 2 decay (data not shown). It was difficult to estimate the exact activation energy value for heat-induced H 2 O 2 formation in phosphate buffer due to its complex nature and the distinct oscillatory behavior of the reaction at certain temperatures. This leads to rather wide variations in initial rate constants and, as a consequence, the activation energy for the process varies from 23 to 33 kcal/mol according to our estimates. The mean value of 27 kcal/mol closely agrees with the activation energies for depurination and for 8-oxodG formation.
Heat acts via ROS attack leading to 8-oxoguanine formation in DNA
Several large-scale supplemental trials on heat-induced 8-oxoguanine formation were performed to elucidate that the effect is produced principally through thermally induced ROS generation. The effects of gas saturation (O 2 , N 2 and Ar), D 2 O, free radical scavengers (guanosine, NaN 3 , Tiron, mannitol and ethanol) and chelators (EDTA, 1,10-phenanthroline, deferoxamine and neocuproine) were scrutinized. The effects of these agents on 8-oxoguanine formation in DNA were in good agreement with their action on H 2 O 2 production (Table 3) . Experiments with different gas saturation levels clearly revealed an oxygen effect in so far as thermally induced formation of 8-oxoguanine depends on the concentration of dissolved oxygen (Table 3 , rows 2-4). The enhancing effect of deuterated phosphate buffer and its decrease by singlet oxygen scavengers indicate that 1 O 2 participates in the process. Deuterium oxide, which leads to an increase in the lifetime of 1 O 2 , caused a pronounced increase in the amount of 8-oxodG in DNA upon heating, whereas supplementation with singlet oxygen scavengers (sodim azide and guanosine) protected DNA from this thermally mediated damage. 10.4 ± 9.8 In the presence of 0.1 mM Tiron, a scavenger of superoxide radicals (37), heat-induced production of 8-oxodG in DNA dropped to the background level (Table 3 , row 10). Mannitol and ethanol, scavengers of hydroxyl radicals, suppressed formation of 8-oxodG in DNA upon heating (Table 3 , rows 11-13). All chelators of metal ions used (EDTA, 1,10-phenanthroline and neocuproine) protect to a variable degree against heat-induced formation of 8-oxodG in DNA. The more marked effect of EDTA as compared to 1,10-phenanthroline and, especially, the action of neocuproine, a selective chelator of copper ions, which prevents 8-oxodG formation, indicated a more appreciable effect of copper compared to iron on the process of oxidative damage to DNA upon heating.
DISCUSSION
High pressure liquid chromatography with electrochemical detection and gas chromatography coupled to mass spectrometry are the two main methods used for the determination of 8-oxoguanine, but they require preliminary DNA hydrolysis. The quantitative assessment of 8-oxoguanine by immunoblot assay of whole DNA has been reported (35) . We also used whole DNA and ELISA to study heat-induced formation of 8-oxoguanine, calibrating its content with γ-irradiated DNA (36) . A G value (radiation-chemical yield) for 8-oxodG formation in calf thymus DNA of 0.3 molecules/100 eV absorbed radiation energy has been reported (34) . Later, a value of 5.9 × 10 -2 µmol J -1 for 8-oxoguanine formation was obtained (37) . In the present study we estimated the G value for 8-oxodG as 0.37 molecules/100 eV absorbed radiation energy (3.7 × 10 -2 µmol J -1 ). The linear dose-yield relationship for the formation of 8-oxodG in DNA upon γ-irradiation makes possible its use as an adequate standard for determination of amount of 8-oxodG in DNA.
The formation of 8-oxoguanine by thermal damage to guanyl nucleotides was originally shown by Bruskov and Petrov (38) . The autooxidation of dGMP producing 8-oxoguanine upon heating to 70°C has also been reported (39) . Our findings in the present study demonstrate heat-induced formation of 8-oxoguanine, a key biomarker of DNA damage by ROS, in DNA. It is likely that the DNA partially melted within the range of elevated temperatures we used. The yield of 8-oxoguanine under high intensity UV laser photolysis was about 3-fold lower in heat-denatured DNA than in doublestranded DNA (40) . However, according to some studies the yield of 8-oxoguanine was not influenced greatly by DNA conformation (28, 37) . Exposure of heat-denatured DNA to γ-irradiation in our experiments reduced 8-oxoguanine formation by no more than 20% compared to double-stranded DNA. The influence of DNA conformation may only be a source of underestimation of the amount of 8-oxoguanine in doublestranded DNA upon heating. The rate constant of 8-oxoguanine formation in DNA at 37°C obtained by extrapolation of our experimental data at elevated temperatures will be refined in subsequent direct experimental determination of the value. Several modifications of bases weaken the glycosyl bond and accelerate the liberation of modified bases from DNA. This process may cause errors in the determination of modified bases in DNA. However, it has been shown that the glycosyl bond of 8-oxoguanine is ∼10 times more resistant to depurination as compared to that of guanine (41) . In Table 4 the kinetic data available from the literature for various types of heat-induced damage, single-strand breaks (23) , depurination (24, 25) and deamination of cytosine (26, 27) , are compared with our data on guanine release and 8-oxoguanine formation. The data on adenine and guanine depurination at low ionic strength as well as the influence of ionic strength on depurination are in good agreement with those previously published (26, 27) . It was found that the measurement of oxidative DNA damage by gas chromatography-mass spectrometry, which requires a derivatization procedure at high temperature in the presence of air, causes 'artifactual' base oxidation leading to an overestimation of oxidation products, especially 8-oxoguanine (42) . Our results point to the possibility that thermally related oxidative damage may be a cause of artifactual DNA oxidation during its isolation and analysis. The non-competitive ELISA employed in this study also led to additional heat-induced formation of 8-oxoguanine in DNA due to DNA heating during denaturation and immobilization. However, these effects were corrected by subtraction of the 8-oxoguanine value in the control samples subjected to the same treatment.
Comparative analysis of our data on heat-induced guanine depurination and 8-oxoguanine formation in DNA shows surprising similarities between the two processes: their activation energies are the same within the limits of experimental error and NaCl influences them in a similar way.
This study provides several lines of evidence indicating that heat-induced damage to DNA is caused by ROS. and OH • radicals and chelators of metal ions influenced heatinduced 8-oxoguanine formation as they affected thermal ROS generation. These findings imply that heat acts via ROS attack leading to oxidative damage to DNA. Our results also demonstrate an 'oxygen effect' for heat-induced 8-oxoguanine formation; an influence of concentration of dissolved oxygen on the process. It was shown earlier that the yield of radiation-induced 8-oxoguanine rises as the oxygen concentration increases (44) . Heat-induced cell death in Saccharomyces cerevisiae is a consequence of oxidative stress, while anaerobic conditions cause a significant increase in thermotolerance of the yeast (45) . It has been suggested that the concentration of O 2 in the nucleus of a cell must be exceedingly low (46) , although its concentration in this compartment has not yet been determined. Support for this assumption would imply an additional mode of nuclear DNA defense against thermal damage. Ferrous ion complexes with phosphates are capable of reacting with molecular oxygen to generate ROS during autooxidation (47) . Heat-induced DNA damage and 8-oxoguanine formation may be attributed to the action of singlet oxygen (38, 43) and to OH • radical production by the ironmediated Fenton reaction (30, 35, 48) and to a similar process due to copper ions. Superoxide radical and hydrogen peroxide seem incapable of reacting with DNA directly (15) . It is known that DNA molecules always contain mixed iron and copper ions in complexes with phosphate groups. We found that in our 10 -3 M phosphate buffer, pH 6.8, the concentration of iron evaluated by atomic absorption spectroscopy was equal to 0.4 µM, and to 0.06 µM for copper. Trace levels of iron and copper ions are ubiquitous in salt and buffer solutions (49) . Iron and copper are present in the cell nucleus and play an important role in the production of OH • radicals responsible for several mutagenic modifications in DNA, including formation of 8-oxoguanine (50) . Hydroxyl radical formation in vivo will be 'site specific' for points where selective binding of iron or copper ions to DNA takes place (51) and may be hot spots of mutagenesis.
Damage to single-stranded DNA by oxygen radicals during aerobic incubation with 10 µM Fe 2+ ions produces a high frequency of mutations (52) . The mutagenic spectrum of the damage revealed G→C and G→T transversions. G→T transversions are the specific type of mutation induced by 8-oxodG (2,3,7,9-11), which can pair with A. This mutation could also stem from depurination (52) . The most frequent transversion, G→C, could be caused by misinsertion of dGMP opposite an oxidized form of 8-oxoguanine during replication (53). 8-OxodG in duplex DNA could be further oxidized, possibly to 2-aminoimidazolone as a major oxidation product (54). 2-Aminoimidazolone demonstrates specific dGMP incorporation and implies G:C→C:G transversion under oxidative conditions (54) .
Over the past decade, several lines of evidence have indicated that ROS play an important role in aging. The free radical theory of aging proposes that damage by ROS is critical in defining lifespan (1) . Heat-induced ROS formation may be an additional factor that provides molecular changes in DNA, proteins, lipids and other biological molecules which contribute to senescence. Environmental temperature influences longevity in poikilotherms. It is supposed that this is a straightforward consequence of altered metabolic rate (55) , because a 10°C increase in temperature is equivalent to a 3-fold increase in metabolic rate (56) . However, as shown in this report, a very similar dependence is evident for the formation of ROS and DNA damage.
Formation of 8-oxoguanine in DNA is one of the likely reasons for heat-induced generation of G:C→T:A transversions (57), since this guanine lesion produces corresponding base pair substitutions during replication (2, 3, 7, 9) . At present, it is difficult to evaluate the role of heating in formation of 8-oxodG in vivo, because the validity of 8-oxodG measurements in cellular DNA is still not clearly understood (58) . However, our results provide support for the suggestion that heat is a potential source of continued generation of ROS and damage to DNA.
Because the haploid genome contains ∼1.4 × 10 9 G:C base pairs (57) and assuming that the rate constant for 8-oxoguanine formation is 1.3 × 10 -10 s -1 (Table 1) , there will be ∼1.6 × 10 4 adducts per cell per day provided that cell DNA is as sensitive to heat-induced ROS as DNA in solution. The estimated rate of excision of oxidized DNA bases (which are then excreted in the urine) by repair enzymes is 1.2 × 10 4 adducts per cell per day for humans (59) . As can be seen, these values are closely related to each other. Thus it is possible that ROS-related thermal damage to DNA may be a significant cause of 'spontaneous' mutation. The increase in temperature during inflammation could increase ROS formation and be one of the means of cell defense against infection.
The exact role of heat and its relative contribution to DNA damage compared to production of ROS by other sources in the cell remains to be determined. Further investigations are apparently required to further our understanding of heatinduced damage to DNA and its biological significance.
